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Introduction
The printed monopole antennas have drawn much attention to the variety of communication systems owing to their omnidirectional radiation pattern, UltraWide Bandwidth (UWB), low pro le, and ease of fabrication and integration [1] . By using di erent con gurations, numerous printed monopole structures, including rectangular and circular shapes, have been work in UWB and narrowband modes for spectrum sensing and accessing the data, respectively [13] [14] [15] [16] . The current relevance of the antenna design for these developing technologies is to cover di erent wireless applications. Based on the way of frequency recongurability, the electronically frequency-recon gurable antennas can be broadly classi ed into two categories: frequency recon guration by trans guring the length of the current path and another by incorporating the slot resonators. In the rst case, the RF switches are placed into the radiator of the antenna and are found useful for the narrowband frequency recon guration. A multiple-input-multiple-output narrow-multiband frequency recon gurable antenna was presented in [17] , which placed two PIN diode RF switches in the radiator to operate at LTE 20 (791-862 MHz) and LTE 7 (2500-2690 MHz) bands. Similarly, in [18] [19] [20] [21] , narrowband frequency recon gurability was achieved by incorporating RF switches between the current paths. In the second case, electronically controlled slot resonator(s) of rectangular shape, L-shape or of any random shape is incorporated into the radiator or ground plane to achieve the frequency agility. The second mechanism is found useful for wideband and ultra-wideband frequency recon gurations. In [22] , an optimized slot resonator integrated with a varactor diode was incorporated in the radiator to obtain the ultra-wideband to narrowband tunable frequency recon gurability. In [23] , PIN diode integrated slot resonators were embedded in the ground plane to achieve the ultra-wideband to narrowband frequency recon guration. However, the second mechanism is also observed for multiband and narrowband frequency recon gurability [24, 25] . The work demonstrates the modeling of the PIN diode RF switch in HFSS and its application to frequency recon guration from ultrawideband to narrowband using the second mechanism.
In spite of the fact that the recon gurable antennas are well known, a comprehensive explanation is required to elaborate on the design process using the commercially available EM solver. This paper presents a brief description of modeling a PIN diode RF switch to be utilized for recon gurable antenna applications. We have studied the performance variations of an ideal switch and a practical switch for a partial ground plane monopole antenna. Further, the antenna structure is optimized through rigorous simulation to achieve wider bandwidth and better impedance matching. In the narrowband mode, the antenna operates in the WMTS band (1.395-1.432 GHz); hence, the SAR of the antenna is examined and noticed under the safety level. The prototype of the antenna is fabricated and simulated, and measured results are found in very good agreement.
Following the introduction, the rest of the paper is organized as follows. The modeling of the PIN diode RF switch is explained in Section 2. Antenna design and analysis are presented in Section 3. The SAR of the antenna is investigated using the simulation model in Section 4. A prototype of the proposed antenna is fabricated and measured results are discussed in Section 5. Finally, the work is concluded in Section 6.
Modeling of PIN diode RF switch in HFSS
Di erent electronic components, such as PIN diodes, FETs, and MEMS, are used to build an RF switch for frequency recon gurable antennas [17, 26, 27] . The MEMS-based RF switches are useful in the cases where low loss and high isolation are required, although they are costlier and require higher operating voltage. However, the FETs have low power consumption, yet su er from higher loss and poor linearity. The PIN diode-based RF switches are cheaper and o er low-loss operation. The limitation of a PIN diode switch is that a forward dc current is required to switch the diode in the ON state, leading to poor radiation e ciency. In this section, the modeling of a PIN diode RF switch is graphically demonstrated using HFSS. Insertion loss and isolation are the key parameters of RF switches. These parameters depend not only on the devices but also on the con gurations of biasing circuits. For diode-based RF switches, series and shunt connected diodes are the most commonly used con gurations [28] . However, due to the ease of integration, most of the recon gurable antennas reported in the literature have used the series con guration of the RF switch and external biasing circuits. Here again, BAP64-02 pin diode-based series con guration of the RF switch is utilized. The con guration of the RF switch [28] and the insertion and isolation loss are shown in Figure 1 . The RF switch is simulated by Advanced Design System (ADS).
The equivalent circuits of a PIN diode RF switch in ON and OFF states are shown in Figure 2 (a) and (b), respectively [28] . The equivalent circuits of the PIN diode RF switch in ON and OFF states can be modeled in HFSS by assigning \Lumped RLC" boundary to the 2D-or 3D-structures [29] . In the HFSS, a single 2D-or 3D-structure can be modeled as a single lumped element or a parallel combination of lumped elements (resistor, inductor, and the capacitor). Similarly, for a series combination of the n-number of elements, n-number of interconnected structures are required. In the ON state, the equivalent circuit consists of a series combination of two DC blocking capacitors, an inductor, and a resistor.
Similarly, the OFF-state equivalent circuit has a series combination of four di erent elements. Thus, four interconnected 2D-or 3D-structures are required to model a PIN diode RF switch, as shown in Figure 2(c) . Now, to model a structure as a lumped component, \Lumped RLC" boundary is assigned to each structure. To assign the boundary, the direction of the current ow should be de ned, as shown in Figure 2(d) . To model the PIN diode RF switch in the ON state, two blue 2D-structures are assigned as a capacitor (C, blue), pink as an inductor (L, pink), and yellow as a resistor (R or R//C, yellow), as shown in Figure 2 (c). In the OFF state, both resistor and capacitor values are assigned to the yellow 2D-structure, and the other structures are kept as they are. Further, the lumped RLC assignment can be modi ed simply through \boundaries" in Project three. However, the size of 2D-structures is taken by considering the size of practical components, ease of soldering, and integration of the diode biased lines.
Antenna design and analysis
A monopole rectangular microstrip antenna is chosen as a basic radiating structure (Figure 3(a) ) on account of its ultra-wide bandwidth and good radiation characteristics [2] [3] [4] [5] [6] [7] [8] [9] . The antenna is built on FR4 Epoxy dielectric substrate with dielectric constant of 4.4, dielectric loss tangent of 0.018, thickness of 1.57 mm. The antenna is excited via 50 inset feed through an SMA connector.
The length of the partial ground (L) is optimized to obtain ultra-wide bandwidth, as shown in Figure 3 (b). Due to better impedance matching at the lower cut-o frequency, L = 6 mm is chosen for the nal design. It is clearly observed that the ground plane length (L = 6 mm) shifts the lower edge of the frequency band to its minimum, preserving the length of the current path and presenting the best input scattering parameter (S11) at the lower cut-o frequency (Figure 3) . The frequency recon gurability is realized by integrating a bandstop lter in the partial ground, as shown in Figure 4 . The bandstop lter comprises g =8 ( g is the guided wavelength) rectangular slot resonator and an RF switch embedded in the center of the resonator. It is shown in Figure 5 that as the length of the CPW bandstop resonator increases, the bandwidth of the antenna becomes narrower. In this way, by integrating the lter and antenna together, the narrowband operation is obtained.
The antenna operates in the ultra-wideband mode as the lter is disabled by placing the switch in the ON state and yields single band operation as the lter is enabled by turning the switch to the OFF state. The bandstop behavior of the lter can be explained by the surface current distribution, as shown in Figure 6 .
When the switch is in the ON state, it provides a direct path to the current causing the antenna to operate in the ultra-wideband mode. As the switch is turned OFF, the current path through g =8 resonator becomes dominant, and the antenna operates in the narrowband mode. To obtain better impedance matching, a parasite is loaded on the ground, as shown in Figure 4 . The length (X) of the parasite is optimized to improve the S11 parameter, as shown in Figure 7 . However, there is no signi cant change in the impedance matching characteristics of the narrowband mode.
The antenna operates in the ultra-wideband mode as the lter is disabled by placing the switch in the ON state, and it yields single band operation as the lter is enabled by turning the switch in the OFF state. The bandstop behavior of the lter can be explained by the surface current distribution, as depicted in Figure 6 . When the switch is in the ON state, a direct path is provided to the current, causing the antenna to operate in the ultra-wideband mode.
The 10 dB impedance bandwidth of the proposed antenna is investigated for the ideal switch and a practical PIN diode RF switch, as depicted in Figure 8 . A perfect electric conductor is used to realize the ideal switch in the ON state and open circuit in the OFF state. A practical PIN diode is modeled as a 1 resistor connected in the series with 0.6 nH inductor. In the OFF state, the diode is modeled as a 0.6 nH inductor connected in the series with a parallel combination of 0.5 pF capacitor with a 20 K resistor [30] . Two capacitors of 1 F are placed back and forth to the PIN diode to provide the RF connectivity and block the dc. For a practical switch, the antenna exhibits narrower bandwidth in the narrowband mode and better impedance matching in the UWB mode over an ideal switch. The inductance, ON-state resistance, and OFF-state capacitance are taken from the technical data sheet of BAP65-02, 115 PIN diodes.
UWB antennas exhibits a number of advantages: high-rate data support, high security, usefulness for multiple radiosystems, and low power consumption. However, the structure su ers from high on-board- noise, complicated wideband channel characteristics, and matching network and LNA design. Therefore, an additional slot resonator is incorporated in the radiating patch to study the bandwidth-limiting possibilities of the ultra-wideband antenna, inspired by [9] . It is observed that loading the slot in the radiating patch also results in the contraction of the bandwidth, although it is seen in Figure 9 that the contraction of the bandwidth is not signi cant. The inclusion of the rectangular slot does not signi cantly a ect the matching characteristics in the narrowband mode.
SAR evaluation
The proposed antenna covers WMTS band in the narrowband mode. However, medical telemetry devices, typically used within the 20 cm range of the body, are required to be investigated for the safety level, which is de ned by SAR. In this section, the SAR of the proposed antenna is investigated using a simulation model. Di erent fragments of the human body are modeled as an equivalent at phantom of 33 22 18 mm 3 dimension. The local SAR of the muscle phantom at the separation of 5 mm is studied, as shown in Figure 10 . The small separation between the antenna and the human body signi cantly changes the e ective dielectric constant of the antenna, resulting in frequency deviation (Table 1 ). In the investigation of the SAR of the proposed antenna, the 1-g-averaged SAR of the antenna is found under the safety level (IEEE C95.1 1999, SAR1.6 W/kg) for 9 mW input power.
Implementation and measured results
A prototype of the proposed antenna is fabricated, as shown in Figure 11 , and performance parameters are measured. For the sake of simplicity, a simple resistive biasing circuit is used to bias PIN diode NXP BAP65-02, 115. However, the RF chokes can be used to improve the isolation of the switch. Two 0.1 F capacitors are connected in the series to the PIN diode to establish the RF connection and, also, to block the dc.
The intrinsic region of a PIN diode accommodates a high concentration of charge; hence, a very shortduration negative cycle of an RF signal cannot reverse the diode-biasing, which allows the switch to act bilaterally at RF frequencies. By connecting the dc supply, the bandstop lter is disabled to operate the antenna in the UWB mode. As the biasing voltage is disconnected, the lter is enabled, allowing the antenna to operate in the narrowband mode. The simulated and measured input re ection parameters of the antennas are found to be in very good agreement, as shown in Figure 12 . The antenna has an omnidirectional pattern and su ciently low cross polarization in the Eplane and very low cross polarization in the H-plane, as depicted in Figure 13 . The antenna achieves the peak realized gain of around 2.5 dBi in the UWB mode and -3 dBi in the narrowband mode, as shown in Figure 14 . However, in the literature, it is shown that the antennas with a gain of 4 dBi work well for applications like RFIDs [31] . The identical characteristics of the antenna gain in ON and OFF states can be explained by the surface current distributions on the radiator. The surface current distributions on the radiator in the narrowband and UWB modes are identical, as shown in Figure 15 , leading to an identical gain characteristic. Moreover, in the OFF state, there is a decaying notch at 3.1 GHz in the gain characteristics. To examine this e ect, the surface current distributions on the radiator are studied for the edges of the notch (2.5 GHz and 3.5 GHz), as shown in Figure 16 . It is found that, at 3.1 GHz, the surface current distribution is extremely poor as compared to the edges resulting in poor radiation, although the main result of using the switch between the modes is the frequency recon gurable characteristic; further, radiation enhancement techniques can be employed to improve the performance of the proposed antenna.
Conclusion
The procedure for modeling a PIN diode RF switch using HFSS was demonstrated, and the switch model was utilized to design a simple monopole antenna with two switchable states. The PIN diode RF switch provided su cient isolation in the OFF state to run the antenna in the narrowband mode. It was observed that incorporating an RF switch signi cantly degraded the antenna gain for a particular band (3 GHz). However, the radiation performances of the other operational band were una ected. In the UWB mode, the antenna covers di erent narrowband services such as WMTS, UMTS, and LTE. In the narrowband mode, only applications operating in L-band (1-2 GHz) as WMTS are covered with very good impedance matching. By virtue of the simple structure, frequency agility, omni- directional pattern, su ciently low cross polarization, and low SAR, the proposed antenna is a suitable candidate for communications systems.
